New directionsin hydrogeochemicakansportmodeling:
Incorporatingmultiple kinetic andequilibriumreactionpathways

Carll. Steefel
Earth and Environmental Sciences Directorate, Lawrence Livermore National Laboratory, USA

ABSTRACT: At leasttwo distinctkinds of hydrogeochemicamnodelshave evolved historically for usein ana-
lyzing contaminantransportput eachhasimportantlimitations. Onekind, focusingon organic contaminants,
treatshiodegradatiorreactionsaspartsof relatvely simplekineticreactiomnetworkswith noor limited coupling
to aqueousandsurfacecompleation andmineraldissolution/precipitatiomeactions.A secondkind, evolving
out of the speciatiomandreactionpathcodes s capableof handlinga comprehense suiteof multicomponent
compleation (aqueousndsurface)andmineralprecipitationanddissolutionreactions put hasnot beenable
to treatreactionnetworks characterizedby partial redoxdisequilibriumandmultiple kinetic pathways. More
recently variousinvestigatorshave begunto considetbiodegradationreactionsn the context of comprehensie
equilibriumandkineticreactiometworks(e.g. Hunteretal. 1998,Mayer1999). Herewe exploretwo examples
of multiple equilibrium andkinetic reactionpathwaysusingthe reactve transportcode GIMRT98 (Steefel,in
prep.): 1) a computationakxampleinvolving the generatiorof acid mine drainagedueto oxidationof pyrite,
and?2) acomputational/fiel@xamplewheretheratesof chlorinatedvOC degradationarelinkedto theratesof
majorredoxprocessesccurringin organic-richwetlandsedimentoverlying a contaminate@erobicaquifet

1 INTRODUCTION importantclassof modelsare referredto loosely as

While not yet at a stageof maturity suchthat they
canbe usedroutinelyfor predictve purposeshydro-
geochemicatransportmodelshave proven usefulas
interpretve tools whenappliedto a variety of prob-
lemsin different Earth ervironments(see Steefel&
Van Cappellen1998and Lichtner et al. 1996 for re-
centreviews). A rapid and ongoingevolution of the
modelshasbeensparledby therapidincreasen com-
putationalpoweravailable.Oneobviouswayin which
thehydrogeochemicahodelshave evolvedis through
thecouplingof explicit transporprocesset thegeo-
chemicakeactiometwork. Thisbyitselfis perhapshe
singlemostimportantevolutionarystepin hydrogeo-
chemicalmodeling,but hasbeendiscusse@lsavhere
(seeSteefelk Lasa@1992) Anotherimportantaspect
of hydrogeochemicandhydrogeochemicadtansport
modelinghasto dowith thenatureof thereactionnet-
work usedto describethe naturalsystem.The evolu-
tion of thinking on how to handlereactionnetworks
in hydrogeochemicamodelingis the subjectof this
paper

The descriptionof reactionnetworks in transport
codeshashistorically followed two distinctlines de-
pendingon the kind of problemsinvesticated. One

“biodegradation"models.The simpleforms of these
models considera single organic compound (e.g.
TCE) which senesasthe electrondonorfor whatis
commonlya single electronacceptor(e.g. O,). The
biodegradationreactionis then often describedas a
rate-limited processwith either zeroethor first or-
der kinetics.As pointedout by Hunteret al. (1998),
the zeroethandfirst order rate approachesepresent
end-membeformulationsof Monod ratelaws where
amicrobialpopulationrmakesuseof anelectrondonor
(usuallysomeform of organiccarbon)andanelectron
acceptorto extractenengy for their own cell growth.
More sophisticateanodelsmay includetermsfor an
explicit biomassor mayincludemultiple electronac-
ceptors(e.g. O, and NOs) or donors(e.g. CH4 and
SOZZ). More complicated'biogeochemical'models
of the kind discussedy Hunteret al. (1998)andin
this papermay not necessariljusemorecomplicated
schemedor the biodeggradatiorreactionghemseles,
sinceMonod-typeformulationsare still the standard
approachRather they differ primarily in thedescrip-
tion of the network of biogeochemicahndgeochem-
ical reactionswithin which the biodegradationreac-
tionsoccur By consideringamorecomprehensere-



actionnetwork, it is possibleto incorporateadditional
effects or processesvhich might affect the ratesof
biodggradation for example,the concentratiorof ex-
ternal electrondonorsor acceptorsin addition, the
more comprehensie reactionnetwork allows oneto
considerthe effects of the biodeggradationreactions
themseleson otherkey geochemicaparameterfike
pH which cancontrolmetalco-contaminaninobility.

The other important class of hydrogeochemical
models,referredto by Hunteret al. (1998) as’geo-
chemical'modelspeganwith thedevelopmenbf spe-
ciation andreactionpathmodels(e.g.Wolery 1979,
Reedl982).Thereactionpathmodelsaventuallygave
rise to a classof hydrogeochemicatransportmod-
els which, despitehaving explicitly addedcoupled
transportusedthe samegeneralreatmentor there-
actionnetwork. Examplesof this classof hydrogeo-
chemicaltransportmodelare GIMRT/OS3D (Steefel
& Yalusaki 1996), and early versionsof HYDRO-
GEOCHEM (Yeh and Tripathi 1991). Thesenumer
ical models]ik ethereactionpathmodelswhichcame
beforethem,weredesignedrimarily to link aqueous
andsurfacecompleationreactionswith mineraldis-
solutionandprecipitationreactionsAn extensve net-
work of complecationreactionsfor example,is often
necessaryo describemineral solubilities accurately
asafunctionof mastervariablessuchaspH andpo,.
Aqueousompleationcanalsohaveastrongeffecton
transporpropertieof reactve solutesy determining
thedominanformin whichthesoluteappearskor ex-
ample *°Comayexist eitherasthefreeion Co*2 oras
the complex COEDTA™ in EDTA-rich solutions.The
speciationn this casehasadirecteffectonthemobil-
ity of the radionuclide,sincein nearneutralpH wa-
tersthecationwill adsorhto a negatively chagedFe-
hydroxidewhile theanionCoEDTA~ will not(Szec-
sodyetal. 1998).

The"geochemical"approacho hydrogeochemical
transportmodeling,evolving asit did out of specia-
tion/solubilityandreactiorpathcodesisideallysuited
for predominantlyequilibriumproblemsMany aque-
ous and surface compleation reactionsoccur suffi-
ciently rapidly that they can be consideredo be at
equilibrium. As pointed out by numerousworkers,
the stoichiometryof equilibriumreactionnetworksis
non-uniquethatis, thereare multiple ways of writ-
ing the reactionsthat are entirely equvalentfrom a
mathematicapoint of view (Bethke 1996).Although
the variousreactionstoichiometriesmay not leadto
entirely equvalent numericalbehaior, the equilib-
rium reactiometworkscanbeconsideredo belargely
path-independenMoreover, a single reactionis all
that is neededto representan equilibrium pathway,
since other pathways are redundant.n the caseof
kinetically-controlledreactionshowever, theindivid-
ual pathway becomesmportant.Onekinetic pathway

neednot proceedat the samerateasanothempathway
eventhoughbothpathwaysmighteventuallyreachthe
sameendpoint.In fact,multiple parallelpathwaysare
bothpossibleandcommonn low temperaturgystems
characterizetly slow reactionsMicrobially-mediated
oxidation-reductior(redox)reactionsarethe bestex-
ampleof thesekind of kinetically-controlledreaction
networkswheremultiple pathwaysexist.

Althoughit is often the casethat the kind of geo-
chemicalor biogeochemicasystemconsideredeads
naturally to one or the other of the historically dis-
tinctapproachew modelinghydrogeochemicdtans-
port,in othercasesamixedapproactwill berequired.
While the dominantredoxreactionsn alow temper
aturehydrogeochemicaystemmaybegovernedpri-
marily by slow, microbially-mediatedorocessedast
reactions(e.g. non-redoxaqueousand surface com-
plexation reactions)may occuraswell. All of these
effectscanexertanimportantcontrolon contaminant
transportfor example.Thereisaneedthereforefor a
new generatiorof hydrogeochemicalansportnodels
thatincorporatebothequilibriumandkinetic reaction
networks.

2 A COMPUTATIONAL EXAMPLE INVOLVING
ACID MINE DRAINAGE

We presenherea computationakxampleof a mixed
equilibrium-kineticreactionnetwork which describes
someof the major geochemicabnd biogeochemical
processetakingplacein atypicalacidminedrainage
setting.While no attemptis madeto comparethere-
sultsto an actualfield exampledueto lack of space,
thecalculationis designedo berelatively realisticex-
ceptin the neglect of potentialpH buffering phases
(carbonatandsilicateminerals) We focusinsteadon
the oxidationof pyrite via two separat@athways:ox-
idative dissolutionby 1) molecularoxygenand?2) by
ferric iron. As hasbeenshovn by a numberof ex-
perimentaland field workers (McKibben & Barnes
1986,Williamson& Rimstidt1994),thesearethetwo
mostimportant(althoughnottheonly) mechanismby
whichpyrite is oxidizedin nearsurfaceenvironments.
Acid minedrainages primarily theresultof physical
andchemicabprocessetakingplacewithin thevadose
zone,sincea gasphaseich in oxygenis essentiafor
initiating anddriving the system As an example,we
consideran unsaturatedone developedwithin acid
mine tailings with a watertableat 4 meters.To keep
theanalysissimple,we assumesteady-statéow of 1
m/yr, a porosity of 40%, and steady-statevater sat-
urationaveraging0.5 from the surfaceto 3.8 meters
depthanda capillary fringe extendingfrom 3.8 me-
tersto thewatertableat 4 metersdepth.O, andCO,
gasaretransportedh thegasphaseonly viamolecular
diffusion.A gasdiffusioncoeficientof 1076 m?s1is
assumed.



Therelevantpyrite dissolutionreactionsare:
FeS + 350, + H,0 — Fet2 42 SO;2 +2HT (1)
and

FeS + 14Fet® + 8H,0 —

15Fe*? + 250, % + 16H* 2)

We usetheratelaws proposedor theseparallelreac-
tion pathwaysby Williamson& Rimstidt(1994):

~ [O ]0.5
Ro, = (10 8'10) [H+2]0-11 ®)
and
) [Fet3)03
Regss = (10°°%) [Fet2j047[H+]032 @

Sincethesereactionsoccurin parallel,thefastesbne
will dominatetheoverall rate.

Thesdwo dissolutiorpathwaysfor pyrite arelinked
by theaqueouphasereaction

Fet2 +0.250, + Ht — Fe™ 4+ 0.5H,0. (5)

Wherereaction5 is sufficiently fastthatlocal equilib-
rium canbeassumedthe massactionequatiorfor re-
actionSallowsreactionl to bewrittenasreactior? (or
vice versa).n this casetherefore only asinglereac-
tion stoichiometryandequilibriumconstantor pyrite
dissolutionis necessarnandthe choiceof which one
is usedis arbitrary In the casethat Fe™3, Fet2, and
O, arein equilibrium, therefore the net effect of the
two dissolutionpathwaysis to causea changen the
ratelaw for the overall pyrite dissolutionreactionde-
pendingon whetherthe dominantoxidantis Fet3 or
Oo.

InthecasewheretheFe(ll)-Fe(lll) redoxcoupleand
the O,-H»0 redoxcouplearenotin equilibrium (i.e.
reaction5 is slow), both pyrite dissolutionpathways
must be retainedas independentparallel pathways.
Eachpyrite dissolutiorreactionis alsoassociatewith
its own equilibriumconstantandion activity product,
sinceequilibrationwith reactior2 doesnotnecessarily
imply thatreactionl is at equilibrium if reaction5
(Fet2 oxygenation)s slow. The abiotic oxygenation
of ferrousiron hasbeenstudiedby Singer& Stumm
(1970)andWehrli (1990)who foundit to be strongly
pH-dependerandrapidatnearneutralpH valuesand
pH-independerandslow belowv aboutpH 4. Therate
laws for abioticferrousiron oxygenatiorfrom Wehrli
(1990)are:

Ro = (10—510) [Fe™2][0,(ag)] 6)

Ry = (10"*°) [Fe(OH)*][O2(ag)] (7)

Rz = (10°%°) [Fe(OH)2(aq)1[O2(ag)] (8)

wherein eachcasethe secondorder ratesconstants
have units of M s~1. The formation of the hydroxy
compleesincreasesherateof Fe(ll) oxygenationso
that the overall oxygenationrateis at a minimum at
low pH. Becausehe Fe(ll) oxygenatiorreactionand
the oxidation of pyrite are sequentialreactions,the
slowestof thetwo will betherate-limitingstepin the
overall dissolutionof pyrite.

A numberof workershave reportedthatat low pH
wheretheabioticFe(ll) oxygenatiorrateis slow, me-
diation by the bacteriaThiobacillus ferrooxidans in-
creasesherateof reactionby upto 5 ordersof magni-
tude (Singer& Stumm1970,Nordstrom& Southam
1997).The microbially-mediatedxygenatiorof fer-
rousiron is treatedhereusinga dual Monodkinetics
givenby

([eA]l+ Kea) ) \(leD]+ Kep)

wherek,,,. is the maximumrate of the reaction(M
s™1), [eA] and[eD] arethe concentrationsn moles
per liter of the electronacceptorand donor respec-
tively, and K. and K, p arethe half-saturatiorcon-
stantsassociateavith theelectronacceptoanddonor
respectrely. I, refersto theinhibition of a particular
pathwayby enepgeticallymorefavorableonesThein-
hibition functionsfor arny onepathway areassumedo
have a hyperbolicform

N; K
Li=|]—"— 10
! E(K,- +IGil) (o)
whereK; and[C;] referto theinhibition constantand
concentrationsespectrely of the N;,, speciesnhibit-
ing a particularpathway. No inhibition of Fe*2 oxy-
genationis included here, althoughinhibition func-
tionsareusedin thesecondexamplediscussedbelow.
Thebiotic rateof Fe™? oxygenatioroccursin parallel
with the abiotic rate, so the effects are additive. For
the simulations,a Monod rate constantof 5 x 10~/
M s~1is assumed@Nordstrom& Southanml1997).All
formsof dissoled Fe(ll) areassumedo be bioavail-
able,sotheelectrondonorconcentratiomefersto total
Fet? ratherthantheconcentratiowf thefreeion Fet?.
Half-saturationconstantdave not beenreported put
Nordstrom& Southam(1997)indicatethatthe Fe(ll)
oxygenatiorrateis obsenedto bezeroeth-ordeover
a wide rangeof ferrousiron concentrationsiccord-
ingly, we userelatively low half-saturatiorconstants
of 1 uM for bothelectronacceptoanddonor
The calculationsare carriedout assumingnfiltra-

tion of a dilute water of pH 5 in equilibrium with
the atmospherat 1 m/yr. The reactve surfacearea
of pyrite is arbitrarily setto 0.1 m? m~3 rock. Other



Figurel: CalculategH profilesasafunctiondepthre-
sultingfrom pyrite dissolutiorfor threedifferentcases
of Fe(ll) oxygenatiorby Oo.
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Figure2: Calculatedpyrite dissolutionprofilesvia the
ferric oxidationmechanisn{reaction?) for threedif-
ferentcasef Fe(ll) oxygenatiorby Oo.

phasesvhichwould normallyactto bufferthepH like
carbonatendsilicatemineralsarenotincludedin the
calculationthusproducingapH profilewhichonly de-
creasesvith depth.In eachcasethe calculationsare
carriedout using the pyrite oxidation rate laws pro-
posedby Williamson & Rimstidt (1994), while the

treatmentof the Fe(ll) oxygenationis varied so as
to highlight the importantrole of this reactionin the
overall reactionnetwork. Threecasesareconsidered:
1) aqueoud-e(ll), Fe(lll), and O, arein equilibrium
(i.e.thetraditional‘geochemical'treatmenbf redox),
2) the Fe(ll) oxygenationreactionoccursonly abi-
otically, following the rate laws proposedoy Wehrli
(1990),and 3) the abiotic ratelaws of Wehrli (1990)
are combinedwith a dual Monod expressionfor the
microbially-mediatede(ll) oxygenatiorwith a max-
imum rategivenby Nordstrom& Southam(1997).

Figure 1 shawvs the computedpH profiles result-
ing from the oxidation of pyrite for the three cases
under consideration.Note that the biotic casein
which Thiobacillus ferrooxidans catalyzesthe reac-
tion nearly reproduceghe equilibrium case.In this
case therateof Fe(ll) oxygenationis fasterthanthe
rateof pyrite oxidation(primarily reactior), sopyrite
oxidationbecomesheratelimiting stepin theoverall
reactiometwork, in agreementith theconclusion®f
Nordstrom& Southan(1997).Therateprofilesfor the
oxidationof pyrite by Fe(lll), however, arenotiden-
tical in thebiotic andequilibriumcase(Fig. 2). In the
abioticcasetheslow rateof Fe(ll) oxygenatioratlow
pH limits the productionof Fe(lll) usedto oxidizethe
pyrite. A secondoxidation pathway usingmolecular
oxygenis available(reactionl), but it is muchslower
thanthe oxidation by ferric iron, so the overall rate
of pyrite is slowed significantlyrelative to the biotic
or equilibrium case.This is obvious in both the pH
profile (Fig. 1) andin theplot of therateof the pyrite
oxidationby ferric iron pathway (Fig. 2) whichis es-
sentiallyzero.ThefactthattheabioticFe(Il) oxygena-
tion mechanisndoesnot resultin the low pH values
typically obsered in actualacid mine drainagesites
canbe usedasan argumentfor the importantrole of
Thiobacillus ferrooxidans in controllinggeochemical
processes acidmineernvironments.

3 A FIELD/COMPUTATIONAL EXAMPLE IN-
VOLVING VOC DEGRADATION

A second example illustrates more directly how

biodegradationproblemscan be viewed within the
contet of a larger reactionnetwork. The example
involves chlorinatedvolatile organic carbon(VOC)
degradatiorattheAberdeerProving Groundin Mary-

land, USA, asdiscussedy Lorah & Olsen(1999).
Releaseof wasteproductsin the pasthasresultedin

contaminatiorof a12-14mthick shallov sandaquifer
which is overlain locally by wetlandsedimentsThe
wetlandsedimentsare1.8to 3.6 m thick andconsist
of alowersilty unitandanupperpeatunit. Groundva-
terflow in thewetlandareais predominanthyupwards,
with anaveragdinearflow velocity of 0.6myr—1 es-
timatedby Lorah & Olsen(1999).Theaquiferbelow

the wetlandsedimentss dominatedby aerobiccon-



ditions, but is highly contaminatedvith chlorinated
volatile organiccompoundgVOCSs),the mostimpor-

tantof whicharePCA (1,1,2,2-tetrachloroethanahd
TCE (trichloroetlylene).In contrastanaerobicondi-
tions occurin the organic carbon-richwetland sedi-
ments wherewell-defined discretezonesof dissimi-
latory iron reduction sulfatereduction,andmethano-
genesisaareapparent.

Thereis clearfield evidenceof the naturalatten-
uation of the chlorinatedvVOCs within the anaero-
bic wetlandsedimentgLorah & Olsen1999).Vari-
ousworkershave reportecthatchlorinatedvOCscan
beanaerobicallyegradedunderavarietyof reducing
conditions,including nitrate reduction,dissimilatory

iron reduction sulfatereductionandmethanogenesis

(Lorah & Olsen1999).Basedon laboratorystudies,
therateof biodegradatiorappearso begreatestinder
methanogeniconditions(Lorah& Olsen1999).

The excellentfield studyby Lorah& Olsen(1999)
providesuswith anopportunityto studythebiodegra-
dation of a suite of chlorinatedvVOCsin the context
of themajorredoxprocessesccurringin organic-rich
sedimentA reactve transportmodelinganalysiscan
beusedto determindield biodegradatiorratesandto
correlatethesewith in situ ratesof the primary redox

processefik e sulfatereductionand methanogenesis.

For the sale of brevity, we restrictoursehes hereto
a one-dimensionahnalysisof steady-statélow and
transportup throughthe wetlandsedimentsattempt-
ing to matchthewaterquality profilesgivenby Lorah
& Olsen(1999)for piezometelWB-26.

Redoxprocessest the Aberdeenproving ground
are dominatedby the heterotrophicoxidation of or-
ganiccarbornwhichis abundantin thesedimentsver-
lying theaquifer(Lorah& Olsen1999).In piezometer
WB-26,for example theaerobicconditionswithin the
aquifergive way upwardalongaflow pathto discrete
zonef dissimilatoryFereduction sulfatereduction,
andmethanogenesi$hesaeactionsaremodelledun-
dertheassumptionthatorganiccarbonis presentvell
in excessof its limiting concentratior{half-saturation
constantjabove 4.8 metersdepth,while the electron
acceptoreffect on the reactionrateis treatedwith a
standardMionod expressionEgn.9). In keepingwith
the steady-statassumptionthe effect of the biomass
is incorporatednto therateconstantatherthanbeing
treatedexplicitly asatime-dependenterm(Hunteret
al. 1998). Kinetic reactionsand associatedate and
half-saturationconstantausedin the simulationsare
givenin Table 1. Inhibition of organic carbonoxida-
tion pathwaysby enegeticallymorefavoredpathways
is assumedo occur Inhibition constantaretakenas
the half-saturationconstantsof the electronacceptor
for the more favorable pathway (e.g. Oz in the case
of dissimilatoryFe reduction,sulfate reduction,and
methanogenesandFe-tydroxidein the caseof sul-

fate reductionand methanogenesis)n this way, the
sequenceof mostto leastenegetically favored or-
ganiccarbonoxidationpathwaysobsenedin thefield
(aerobicrespiration,followed in order by dissimila-
tory Fereduction sulfatereductionandmethanogen-
esis)canbe duplicatedwith the simulations(Hunter
etal. 1998).Equilibrium compleationreactionge.g.
the formationof the hydroxy complecesof Fet? and
Fet3) arealsoincludedin the simulations.Accord-
ingly, the half-saturationconstantsn Table 1 refer
to total concentrationsAmorphousiron sulfideis al-
lowedto precipitatevia both directreactionof amor
phousFe-hydroxidewith dissohedsulfideandby re-
action of aqueousre(ll) and dissoled sulfide (Ta-
ble 1). Adsorptionof theVOCson to organiccarbon,
whichin transienttasesould be animportanteffect,
is neglectedin the simulations.

For the degradationof the chlorinatedvVOCs, we
considera simplified versionof the reactionnetwork
presentetby Lorah& Olsen(1999)(Fig. 3). Theverti-
cal arrows referto hydrogenolysigpathways,sequen-
tial reductve dechlorinationreactionsinvolving the
transferof two electrongLorah & Olsen1999).The
angledarrowv from PCAto DCE is anothemreductive
dechlorinationreactioninvolving the transferof two
electronsand is referredto as dichloroelimination.
Other pathways have beenrecognizedjncluding an
abiotictransformatiorof PCAto TCE (dehydrochlo-
rination) and a dichloreliminationtransformationof
TCAtovinyl chloride butareneglectechereAll ofthe
VOC degradatiorreactionsnvolve thetransferof two
electronsbutanumberof differentelectrondonorsare
possibleTheimportanceof Fe(ll) asanelectrondonor
is demonstratedby the field studyof Lorah & Olsen
(1999)whoshav substantiatlegradatiorof bothPCA
andTCEin thepresencef dissohedFe(ll) andin the
absenc®f significantsulfatereductionandmethano-
genesisAccordingly, for eachof the pathwaysshavn
in Figure 3, we considerthe possibility of reduction
by dissohedFe(ll), sulfide,andmethaneEachreduc-

TCE PCA
4 / NE
cis-12DCE 112TCA
h 4 N
vinyl chloride 12DCA
h 4 N
ethylene chloroethane

Figure3: Reactionnetwork (simplifiedafterLorah &
Olsen 1999) usedin the simulationsof chlorinated
volatile organiccompoundsn this paper



Tablel: Reactionpathwaysandassociatedateandhalf-saturatiorconstantaisedin simulations.

Reaction Rate K.» K.p
(Ms™) (uM) (uM)
Organic carbonoxidation
CH, O+ 0, - CO, + H,O 3x10°° 20 O
CH,O + 4 Fe(OH)z(am) + 2 HT — COZ + 4 Fet? + 1?1 H,O 1x 10 60 O
CH20+ SCT2 It > COZ+ HS™ + H,0 3x10°° 30 O
CH,O — l COZ + 3 % CH4 3x10°° 0 0
VOC degradatlon
TCE+ 2 Fet?2 + Ht — DCE+ 2 FeJr3 + CI~ 2x10°° 100 10
TCE+ i HS +H,0 — DCE+ SCT2 + ClI~ 1x10* 100 1
TCE+ 4 i 7 CHy+ 2 H0 — DCE+ 1 COZ +CI- 1x10°* 100 10
PCA+ 2 Fet2 + Ht — DCE+2 FeJr3 + ClI~ 2x10° 100 1
PCA+ 1 HS + HZO — DCE+ S(T2 + CI~ 2x 104 100 1
PCA+ 7 1 7 CHy+ 2 H,0 — DCE+ co2 +ClI- 1x10°3 100 10
DCE + 2 Fet? + H+ — VC+2 Fe+3 + CI~ 1x 104 100 10
DCE+ i HS +H,0 — VC +3 S(T2 + CI~ 2x 104 100 1
DCE+ 3 1 7 CHs+ 2 H,0 — VC + COZ +CI- 2x 10 100 50
VC + 2 FeJr2 + H+ — CoHs+2 Fe+3 + CI~ 1x 1073 100 10
VC + 1 HS + HZO — CoHa+ 3 SCT2 + CI~ 1x 1073 100 1
VC + = il CH4 —|— Hzo — CoHy —|— COZ + ClI~ 5x 104 100 10
PCA+ 2 Fet? + H* - TCA+2 FeJr3 + CI~ 1x 104 100 10
PCA+ 1 HS + HZO — TCA+3 scr2 + ClI~ 1x 104 100 1
PCA+ = All CH4 +3 HZO — TCA —|— COZ + ClI~ 1x10* 100 10
TCA + 2 Fet? + H+ — DCA +2 Fe+3 + ClI~ 25x 10°* 100 10
TCA+1HS + Hzo — DCA + 1 SOr2 +ClI- 25x 10 100 1
TCA+ 5 Lll CH4 + 5 HZO — DCA —|— COz + ClI~ 25x 10°* 100 10
DCA + 2 Fet? + HJr — CoH5Cl + 2 Fe+3 + Cl- 5x 10°° 100 10
DCA 4+ I HS + HZO — CoHsCl + = SO4 + CI~ 1x 10 100 1
DCA + 3 % CH4 + 5 H20 — C,yHsClI —|— COZ + CI~ 1x10* 100 10
Secondaryedox
Fe(OH)z(am) + 3 HZS+ 2HT — Fet? + % S +3H,0 6.3 x 1076
Non- redoxpreC|p|tat|on -dissolution
FeSam) + Ht — Fet? + HS 1x10°°

tion reactionis writtenwith adualMonodformulation
(Eqgn.9), with therateandhalf-saturatiorconstantgor

bothelectrondonorandacceptogivenin Tablel. No

inhibition termswereincludedfor theVOC degrada-
tion reactions.

Figure4-A shav theconcentrationsf O, andSO;2
measuredn porevaterfrom piezometeMWB-26 (Lo-
rah& Olsen1999)alongwith the profiles(solidlines)
computedoy GIMRT98 (Steefel,in prep.).The pore-
waterdatafrom piezometeWB-26 indicatesa zone
about 1.8 metersthick in which aerobicrespiration
anddissimilatoryFereductionoccurwithoutsubstan-
tial sulfatereductionbetweersampleointsat4.6and
2.8metergdepth) Althoughsulfateconcentrationare
not high, the dataalsoshav a discretesulfatereduc-
tion zone between2.8 metersand about1.2 meters
depth. Concentration®f the reducedspeciesFet?,
HS~, and CH; are shawvn in Figure 4-B. The com-
putedFe(ll) concentratiorshavs a peakat a depthof
2.8metersjn agreementith thedata.Bothcomputed
andobsenedsulfideconcentrationsemainrelatively
low throughouthe profile dueto the precipitationof

FeS.OncedissimilatoryFe reductionand sulfatere-
ductiondropoff alongtheflow path(i.e. with decreas-
ing depth), methanogenesisesultsin high methane
concentrationgbove aboutl.2 meters.

As notedabove, biodeggradationof the chlorinated
volatile organic compoundss linked in the simula-
tions presentedhereto the concentrationsf the spe-
cific electrondonorsratherthanbeingtreatedasfirst
orderor pseudo-firsbrderexpressionsA goodfit of
theobsereddatais achievedwith the GIMRT98 sim-
ulations,althoughthefit is non-uniquebecaus®ef the
large numberof parametersvolved. Nonthelessthe
simulationsjn conjunctionwith theoriginaldata sug-
gestsomepreliminaryobsenationsabouttherelative
ratesof thedegradatiorreactionsn thevariousanaer
obic zones.In Figure 5-A, for example,the bulk of
the PCA degradationoccursin the dissimilatory Fe
reductionzone (compareFigure 4-B). TCE alsode-
gradesatasubstantiatatewithin thisinterval aswell,
eventhoughthe datain Figure4-A indicatethatsul-
fatereductionand methanogenesiare not occurring
at significantrateswithin this depthinterval. There
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Olsen1999)shavn assymbolsandmodelresultsusingGIMRT98 shawvn aslines.

B: Distribution of chlorinatedvolatile organic carbonparentsDCE, VC (vinyl chloride)andDCA (TCA not
shawn).



is somesuggestiorthat the rate of TCE degradation
is slightly fasterin the sulfatereductionzonethanin
thedissimilatoryFereductionzone,but considerably
more datais neededto substantiatehis conclusion.
Figure5-B shavstheobseredandcomputedconcen-
trationsof the VOC daughtersin orderto matchthe
DCE data,the degradationratesin the methanogenic
zoneneededo be higherthantheratesin the sulfate
reductionanddissimilatoryFereductiorzonedy fac-
torsof 5 and50respectrely. Matchingthe DCA data,
however, requiredthatthe ratesof degradationin the
sulfate reductionand methanogenizonesbe only a
factorof 2 higherthantheratein thedissimilatoryFe
reductionzone.

4 CONCLUSIONS

Many groundwvater and surface water systemsare
characterizedby biogeochemicakeaction networks
consistingof multiple kinetic and equilibrium path-
ways. Two examplesof suchreactionnetworks were
explored with the reactve transportcode GIMRT98
(Steefelin prep.),althoughthe generalcapabilityfor
treatingsuchreactiometworkscanbefoundin asmall
numberof othercodesdevelopedrecently for exam-
ple, PHREEQC(Parkhurst1995)andMIN3P (Mayer
1999). The first exampleexaminedthe reactionnet-
work associateavith pyrite oxidation.Usingthe set-
ting of acid mine drainagedevelopedwithin the va-
dosezone,the overall rate of pyrite is shavn to be
limited by therateof oxidationof pyrite by ferric iron
in the casewherethe bacteriaThiobacillus ferroox-
idans enhanceshe rate of Fet? oxygenationto the
point wherethe aqueoud~e(ll)/Fe(lll) redox couple
is closeto equilibrium.In contrastthe overall rate of
pyrite oxidationis limited by the rate of Fe*2 oxy-
genationwhen strictly abiotic conditionsprevail, al-
thoughtheseconditionsdo not appearo be common
in nature.In a secondprobleminvolving the natural
attenuatiorof chlorinatedvOCs, it wasshovn thata
reactionnetwork which explicitly couplesthe degra-
dationratesof thechlorinatedvOCsto theconcentra-
tionsof thespatially-distrilutedmajorelectrondonors
(Fe(ll), HS~, andCHjy) could be usedto matchfield
datapresentedyy Lorah& Olsen(1999).
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